The conceptual design of compliant mechanisms is generally performed using one of two methods: topology optimization or the Pseudo-Rigid-Body Model. In this paper, we present a conceptual design methodology which utilizes a building block approach. The concept of the instant center is developed for compliant mechanisms and is used to characterize the building blocks. The building block characterization is used in guiding the problem decomposition. The compliant four-bar building block is presented as a base mechanism for the conceptual design. The geometric advantage is used as a quantitative measure to guide the designer in determining the shape of the building block. An example problem demonstrates the methodology's capacity to obtain viable conceptual designs in a straightforward manner. Resulting mechanisms satisfy initial kinematic requirements and are ready for further refinement using size and geometry optimization.
INTRODUCTION
Compliant mechanisms utilize the flexibility of their members to transmit or transform motion and forces. Numerous benefits motivate the need for compliant mechanisms including reduction in backlash, wear, and assembly and increased precision. The design of compliant mechanisms, however, is more challenging than traditional rigid-link mechanisms due to the introduction of elastic deformation. A comprehensive review of the literature in compliant mechanism synthesis may be found in Saggere [1] .
Previous research in the synthesis of compliant mechanisms has focused primarily on two methodologies: (i) structural optimization [2] [3] [4] [5] [6] and (ii) the Pseudo-Rigid-Body Model (PRBM) [7] . In the structural optimization approach, synthesis is initiated during topology optimization and is followed by dimensional synthesis. Topology optimization involves the selective reduction of a network of finite elements to ascertain the ideal number and connectivity of elements. Dimensional synthesis is accomplished through size and geometry optimization in which specific element thickness (size) and node locations (geometry) are determined to satisfy design criteria. In both stages of design, optimization is implemented to find viable solutions. In the PRBM, compliant elements are modeled using traditional joints and springs. The PRBM correlates the synthesis of compliant mechanisms and the wealth of knowledge available in rigid-body mechanism design. It is a valuable tool for dimensional synthesis and facilitates the replacement of rigid links and springs with equivalent compliant members.
In general, conceptual synthesis is the most challenging stage of design. This is also true in the design of compliant mechanisms. Although topology optimization is used at the conceptual stage of design, there is little actual input from the designer to guide the process. As a result, research in topology optimization has yielded varied results with limited success. With the PRBM, systematic conceptual design has been limited to a graph theory akin to the corresponding methodology in traditional mechanism design [8] . While graph theory effectively enumerates mechanisms, it fails to account for mechanism function. Additionally, graph theory requires an initial seed design in order to find alternate solutions.
In this paper, we present a conceptual design procedure based on a building block methodology. This methodology is demonstrated in the context of a single building block and is extendible to additional building blocks. The organization of the paper is as follows: Section 1 describes the general problem statement and scope. Section 2 presents the concepts necessary to characterize the building blocks and introduces the compliant four-bar building block. Section 3 outlines the building block synthesis method utilizing the compliant four-bar building block. Section 4 presents an example problem demonstrating the synthesis method. Section 5 provides a discussion of the presented matter. Lastly, concluding remarks are made in Section 6. 
General Problem Statement and Scope
The design of compliant mechanisms encompasses a relatively large number of problems that may be classified by the imposed boundary conditions and design constraints. In this paper the single-input-single-output (SISO) function generation problem is investigated. The SISO function generating mechanism may be used for a wide range of applications such as displacement multipliers and handheld gripping devices. The SISO function generation problem is stated as:
Design a mechanism to transmit motion or force from input to output so as to accomplish a geometric or mechanical advantage. In this paper, the directions of displacement at both input and output ports are specified. Additionally, the discussion is limited to mechanisms performing a geometric advantage. This problem statement is illustrated in Figure 1 .
Figure 1: SISO Function Generation Problem Statement
The above problem statement includes criteria pertaining to a mechanism's kinematics (input and output displacements) and structure (location of input and output ports and available design space). In designing a compliant mechanism, there may be a number of additional criteria. Among the most prevalent are:
• Protection against failure (yield, fatigue)
• Protection against instability (buckling, resonance) • High energy efficiency • Stiffness against an external load The final mechanism should meet or exceed the design criteria for a particular problem. In mechanism synthesis one typically attempts to obtain a conceptual design which satisfies some of the basic kinematic criteria. Subsequently, a dimensional synthesis procedure is implemented to refine the design to satisfy the remainder of the design criteria. In this paper we present a conceptual design method to meet the criteria set forth in the SISO function generation problem statement and reserve the remainder of the criteria to be met by a subsequent dimensional synthesis. An overview of dimensional synthesis of compliant mechanisms may be found in Ref. [5] . The scope of this research encompasses mechanisms operating in the twodimensional, linear, small deformation regime. Mechanisms are modeled using 2-D frame elements. All finite element calculations reflect these assumptions unless otherwise noted.
Preliminaries

Index of Compliance and Principal Compliance
Vector An important measure in rigid body kinematics is the degree of freedom (DOF). A mechanism's DOF corresponds to the number of independent variables that completely describe a mechanism's configuration. Much work has been done to measure the DOF of compliant mechanisms based on the pseudo-rigid body model. The results of these works are summarized by Ananthasuresh and Howell [9] . In the following, we propose a new method of measuring the DOF of a compliant mechanism based on relative compliance at the input and output ports.
The mechanism in Figure 2 is loaded at the ports labeled input and output. Each port may be actuated in three independent motions (two translations and one rotation). Since the mechanism configuration is determined by three independent parameters at each port, the natural conclusion is that each port possesses three degrees of freedom.
Figure 2: A Compliant Mechanism with input and output motion directions indicated
What is not expressed above is information pertaining to the relative compliance in different directions of actuation. Figure 3 (a) shows a cantilever beam. Intuition (and computation) suggests that the beam is much more compliant in the transverse direction than in the axial direction. By applying a unit force to the end of the beam while varying the angle of applied force, it is possible to obtain information related to the compliance by observing the resulting displacements. Figure  3(b) shows the results of this analysis. As expected, the beam travels primarily in the transverse direction, while showing little relative motion in the axial direction. This corroborates the intuitive statement that beams are much less compliant in the axial direction. Ignoring (for the moment) any rotation effects, one may consider the beam to have a single degree of freedom. One may apply a similar analysis to a mechanism having an input and output port to obtain the mechanism's degree of freedom. Consider again the mechanism shown in Figure 2 . The relationship between the applied forces and displacements at the input and output ports can be captured in the 6X6 inputoutput compliance matrix:
The diagonal terms C ii and C oo are 3x3 symmetric, non-singular matrices, while C oi (= C io T ) is non-singular but not symmetric. Suppose a unit force is applied at the input with no force applied at the output. Specifically: C ii maps the unit circle (f in ) to an ellipse in u in space ( Figure 4) . We identify the semi-major axis of this ellipse as the principal degree of freedom for the input, while the semi-minor axis serves as the secondary degree of freedom. Computing the lengths of these axes and the inclination of the ellipse with respect to the horizontal is equivalent to finding the eigenvalues and eigenvectors of the transformation C ii . This property is valid only for symmetric (and skew-symmetric) matrices, so it does not hold for C io or C oi . We define the index of compliance such that, where a is the length of the semi-major axis and b is the length of the semi-minor axis as shown in Figure 4 . Moreover, we define the principal compliance vector (PCV) as the unit vector along which the semi-major axis is oriented. For the beam presented earlier, there is a single port at the free end of the beam. For a typical beam cross-section and length (b, h << L), the index of compliance is near 4. The PCV is oriented in the transverse direction. This means that the beam is about 10,000 (10 4 ) times more compliant in the transverse direction than the axial direction. Consider the building block below ( Figure 5 ). This compliant four-bar building block (C4B) resembles a rigid link four-bar mechanism, except that there are no pin joints and motion is attained through the deformation of the mechanism's elements. The two points A and B have PCV's as indicated by the arrows. Additionally, their respective indices of compliance suggest that motion will not deviate greatly from the PCV shown. These points are constrained by the beams directly connected to ground. Since the floating link is triangular in shape, it remains relatively rigid. With this information, it is possible to locate the instant center of the ground and the floating link. This instant center is valid for small displacements from the mechanism's rest position. For the C4B in Figure 5 , the instant center of the floating link must lie along dashed lines perpendicular to each PCV. The intersection of these lines is the instant center of the floating link and ground.
Figure 5: PCV and IC of a C4B
One may determine the direction and relative magnitude of the displacements of any point on the floating link using the instant center. For example, the direction of displacement at point C on Figure 6 perpendicular to the line connecting the instant center (IC) and the point C. Also, the magnitude of the displacement at point C may be expressed with respect to the displacement at point A. The instant center is the point about which the floating link rotates with respect to ground. The magnitude of the displacement at point C with respect to that at point A is directly related to the ratio of the distance from the instant center to each of the points. That is, The validity of this analysis rests on a number of assumptions. First, deformations must be small enough to be predicted well by linear beam theory. Also, the floating link should behave as a rigid body. This implies that the floating link should be much stiffer than the beams attached to ground. This is not always possible, especially as one considers practical design considerations such as maximum beam thickness and length. The limits imposed by these assumptions will be investigated in Section 3.3.2.
Figure 6: Displacement analysis of a C4B using the Instant Center
The approach to determine the instant center of a C4B may equivalently be modeled using the PRBM. As presented in this section, the calculation of the location of the instant center does not involve determination of pseudo-joints. Also, if size refinement were to be done for the C4B, the PRBM would become cumbersome due to the mixed end loading (force and moment) on the beams directly attached to ground.
3
Synthesis with C4B's The previous section revealed that the kinematic function of the C4B is related to its instant center. It is possible to tune the geometry (i.e. node locations) of a C4B to meet the design goals of a particular problem. If a mechanism is composed entirely of C4B's, its topology depends only on the number of C4B's included in the design. Tuning geometric parameters is a task of dimensional synthesis. Dimensional synthesis is simplified if it is initiated with a design satisfying some of the design criteria. In this section, we present a methodology to determine the initial geometry of a mechanism composed of C4B's. By doing so, the task of dimensional synthesis is simplified. Specific element height and thickness are not considered for this methodology but may be tuned by a subsequent size optimization.
Synthesis of a mechanism with a single C4B is presented first. The discussion reveals that there are only a limited number of problems one may solve by utilizing a single C4B. The concepts that are introduced, however, are necessary for synthesis of more general mechanisms composed of multiple C4B's. It is discovered that any function generation problem (as defined in this paper) may be solved by a mechanism composed of two C4B's. The principles developed in the two stage problem may be implemented for a multiple stage problem.
Two general concepts drive the development of the synthesis procedure for given problem specifications (input and output port locations, PCV at input and output, desired GA). They are:
• Relate PCV at input and output ports to instant center of C4B.
• Determine resulting GA from relative location of IC, input, and output. These concepts relate the design parameters to the mechanism geometry. Synthesis tools are presented to guide a designer in the selection of geometric parameters when there are multiple choices that will satisfy design criteria. Finally, the methodology is demonstrated using the synthesis tools in Section 4.
Single Stage Synthesis
The synthesis of a mechanism composed of a single C4B is relatively straightforward. It is possible to relate some of the design objectives stated in Figure 1 to the building block's instant center. Assuming that both the input and output are located on the floating link, the instant center correlates directly to the PCV at both ports. The instant center of the floating link must lie along the lines perpendicular to the PCV at both the input and the output ( Figure 7 ). Since the instant center is a single point, it must be located at the intersection of these two lines. The geometric advantage of this mechanism is fixed as the distance from the instant center to the output (B) divided by the distance from the instant center to the input (A) (Figure 8 ). As a result, unless the specified geometric advantage is equal to B/A, it is impossible to satisfy the kinematic performance criteria with a single C4B. A mechanism with the instant center is shown in Figure 9 . 
Multiple Stage Synthesis
Limiting a mechanism to a single C4B severely restricts the solution space. With the PCV specified at both the input and output ports, it is not possible to control the geometric advantage of the mechanism. This limitation motivates designs utilizing multiple C4B's. By using multiple C4B's, one may presumably attain a greater range of geometric advantage.
We approach the multiple C4B problem by implementing a building block synthesis approach. In a building block approach, the desired task is matched with a library of available building blocks. If no direct match exists, the task is decomposed into sub-tasks which are more easily met by members of the building block library. In this case, the building block library consists entirely of C4B's. The methodology, however, is extendible to additional building blocks.
The single-stage problem revealed that it is not possible to exactly match the problem statement with a single C4B. It is necessary to decompose the original problem into a number of subproblems to be solved by individual C4B's. For the problem at hand, the designer has three quantities which may be used to decompose the problem: (i) geometric advantage, (ii) locations of intermediate decomposition points where adjacent building blocks meet, and (iii) the PCV at the decomposition points. For the time being, we choose to select decomposition points to aid in formulating subproblems. In subsequent sections, intuition will be offered on how to choose these points. Furthermore, synthesis will first be shown for a mechanism composed of two C4B's. This is done for two reasons: it is the most straightforward extension of the synthesis of a single C4B, and the two-stage problem easily extendible to the multi-stage problem.
Both the complexity of the synthesis problem and the likelihood of finding a feasible solution increase with the combination of two C4B's. There remain many unknowns even while constraining the PCV at the input and output ports. As mentioned previously, we choose to select the location of the decomposition point first. In the following section it is shown that for each decomposition point in the design space, there is exactly one PCV (at the decomposition point) that yields two building blocks which combine to provide the desired geometric advantage.
One Decomposition Point One Solution
As in the single C4B problem, we begin with the original problem statement. The first step in solving the dual C4B problem is to select the decomposition point. Figure 10 shows one possible selection for the decomposition point. The remaining unknowns in the problem are the PCV at the decomposition point and the geometric advantage of both stages. Since the decomposition point is the location where the output of the first building block coincides with the input of the second building block, it is imperative that the PCV from both building blocks match at this point. Consider the selection of a PCV at the decomposition point (Figure 11 ). . It is straightforward to prove that there is only one PCV at a particular decomposition point which will yield desired total GA GA = , for an arbitrary desired geometric advantage (see Appendix). A mechanism using the instant centers found is illustrated in Figure 14 . 
Comments
In design, we are interested in the number of viable solutions available in a design space. The previous section demonstrated that it is possible to obtain a mechanism which satisfies all the design goals for any decomposition point. More precisely, for every decomposition point in the design space,
y coordinates of the decomposition point. It is important to note that the determination of the instant center of a building block is only part of the design process. What remains to be determined is the mechanism skeleton. This has been implied by the inclusion of possible mechanisms for both the single and double C4B synthesis procedures. Figure 15 shows the general configuration for the C4B. The input and output ports and the instant center are as labeled. Two additional points labeled MJ 1 and MJ 2 are the moving junctions (MJ) of the building block. One may also consider the ground junctions, but we reserve the specific placement of these points for the dimensional synthesis stage of the mechanism design. With this in mind, there are four infinities of solutions (x and y coordinates of MJ 1 and MJ 2 ) for every building block where the input, output, and instant centers have been defined. There are cases in which one may simplify the selection of the MJ by making them coincident with either the input or output. This will be discussed in the forthcoming example problem.
Figure 15: General C4B with moving moints
Extending the synthesis problem to multiple C4B's is a straightforward extension of the methodology presented here. It is feasible to imagine further decomposition of one of the subproblems. Although it may be possible to find a mechanism that satisfies the kinematic design goals, the mechanism may not be conducive for additional design criterion such as high energy efficiency or stiffness matching with an actuator. Another compelling reason to further decompose a problem is to split up a large target geometric advantage. Although this topic is beyond the scope of this paper, it is possible to formulate a general measure to limit the maximum geometric advantage that a single C4B can provide.
Two steps of synthesis
The synthesis method for a two stage mechanism consists of two steps:
Step 1: Select a decomposition point
Step 2: Select moving junctions Two measures are introduced as tools to aid in the selection of these points. For Step 1, the geometric advantage index is used to select the decomposition point. Subsequently, the geometric advantage error is used to select the moving junctions in Step 2.
Step 1: Select DP using GA index
The first step in the synthesis of a two stage mechanism is to select a decomposition point. With two free choices, it is necessary to gain insight into the selection process to obtain a "good" mechanism. Although it is possible to obtain an arbitrary GA given any decomposition point in the design space, there is logic to direct a designer on where to select the decomposition point.
As discussed previously, it is possible to ascertain the geometric advantage of both stages of the mechanism given a specific decomposition point. We define the geometric advantage index as, 2 Figure 16b shows a contour plot of the n GA for the problem statement illustrated in Figure 16a 
GA
Step 2: Select MP by Minimizing GA error
The second step in the synthesis of a two stage mechanism involves the selection of the moving junctions of the building blocks. It is desirable to gain insight into the ideal location of the moving junctions. For each moving junction, there are two free choices available to the designer, the junction's x and y coordinates. To aid in this selection, we investigate the error in the geometric advantage for building blocks with common instant centers and input and output ports.
It was shown that the geometric advantage should be constant for any building block with the instant centers obtained in Step 1 of the synthesis. This concept is based on the assumption that the floating link is stiffer than the links directly attached to ground. In the case where the floating link does not provide sufficient stiffness to be treated as a rigid body, the geometric advantage of the building block does not necessarily match what is predicted by the instant center analysis. We define the GA error as the difference of the calculated geometric advantage (from finite element analysis) and the predicted geometric advantage.
Consider the compliant four bar building block illustrated in Figure 17 . The coordinates of the input, output, and instant center are fixed. The moving junction, however, is located at an arbitrary point in the design space. All of the mechanism's beams have the same cross-section. Additionally, the beams attached to ground are all of the same length. Moving junction may be located anywhere in the design space. Figure 18 shows the geometric advantage of this building block for various moving junctions in the design space as calculated using finite element analysis. The geometric advantage is not constant for various moving junctions even though the instant center of each mechanism is the same. When the GA error is non-zero, it is necessary to tune the stiffness of one or more of the beams to attain the predicted geometric advantage. This may involve changing the length, thickness, or height of individual beams. The plot of geometric advantage in Figure 19 is obtained by reducing the in-plane thickness of the beam connecting the moving junction to ground by 90%. The portion of the plot representing points near the target geometric advantage of 3 dramatically increases in this case. It is important to recognize that there are practical limitations to the extent to which a mechanism may be tuned to attain the predicted geometric advantage. These limitations include (but are not limited to) design space requirements, minimum/maximum beam thickness, and maximum aspect ratio. Consider an extreme example where the point (2, 0.2) is selected as the moving junction. On both Figure 18 and Figure  19 , this point yields the greatest error with respect to the target geometric advantage. The resulting mechanism is shown in Figure 20 . It is clear why this particular mechanism performs poorly. The beams connecting the floating link to the ground are nearly in line. Together with the floating link, they combine to form an extremely stiff design that is unlikely to deflect from its initial position. To obtain the desired geometric advantage one could increase the thickness of the beams on the floating link and lengthen and decrease the thickness of the beams attached to ground. For this particular moving junction, the lengths and thicknesses required to obtain the target geometric advantage would likely violate the practical limitations mentioned above. One would more easily find a suitable building block by selecting a moving junction more conducive to providing the target geometric advantage. The plot of geometric advantage gives insight into those points which would provide better designs. Although it is possible to obtain a mechanism with the desired geometric advantage by choosing an arbitrary moving junction, it is more straightforward to select a point where the error in geometric advantage is smaller. Another advantage to this strategy is that a subsequent size and geometry optimization may more easily converge to designs satisfying other design parameters such as energy efficiency or natural frequency while maintaining the target geometric advantage.
The following example demonstrates the synthesis methodology utilizing n GA to select the decomposition point and the GA error to select the moving.
Example Problem
Problem Statement Design a mechanism with geometric advantage of 9 with input at the origin and output at the point (2, 2). The desired directions of displacement at the input and output are illustrated in Figure 21 . Step 1: Selection of Decomposition Point (dp) The first step in synthesizing a two stage mechanism is to select an appropriate decomposition point. Figure 22 shows a plot of the geometric advantage index for different decomposition points in the design space. As indicated by the crosshairs on the plot, the point (0.5, 1.5) has been selected for this example. The GA index for this point is equal to 0.5 (i.e. GA 1 = GA 2 = 3). By selecting the decomposition point, the instant centers for the two stages may immediately be determined (see Appendix for specific calculation). The IC's are shown in Figure 23 . Step 2: Selection of "moving junction" The second step in the synthesis involves the selection of appropriate moving junctions. The moving junctions of the two building blocks are selected independently. The final mechanism is obtained by concatenating the two building blocks.
Building Block #1
The input of the first building block is located at the mechanism's input port while its output is located at the decomposition point selected in Step 1. IC 1 is the instant center of the first building block. Two moving junctions must be selected to fully define the building block. One of the moving junctions is chosen to coincide with the input port of the building block. This is equivalent to constraining the input port of the building block with a beam perpendicular to the desired PCV (Figure 24) . This is done so that the input force acts directly on one of the beams of the mechanism that provides motion to the mechanism. In this way Beam A does not incur any force in the axial direction due to the actuation. This may not always be possible, and there may be alternative strategies in selecting this moving junction such as placing the moving junctions to attain (i) maximum range of motion or (ii) maximum stiffness. There remains one moving junction to be selected. The error of geometric advantage is used to select this moving junction. Figure 25 shows the plot of geometric advantage for different locations for the moving junction. The cross section of all beams in the building block is uniform. Since the specific values of geometric advantage can change by altering the cross section of the beams, it is not necessary to obtain a geometric advantage of exactly 3. Rather it is more important to select a point in the vicinity of the target geometric advantage. Needless to say a moving junction which yields a small error in the geometric advantage is a better choice than one which yields a large error. For this example, we select the point indicated by the crosshairs. The resulting building block is shown in Figure  26 . Building Block #2 The input of the second building block (input 2 ) is at the mechanism's decomposition point while its output is located at the mechanism's output port (output 2 ) (Figure 27 ). The PCV at the building block's input is perpendicular to the line connecting IC 2 and input 2 . Similar to the constraint placed on the first building block by Beam A, the input of the second building block is constrained by Beam B (Figure 28 ). The remaining moving junction is selected by utilizing the error of geometric advantage. Figure 29 shows the plot of geometric advantage for different locations for the moving junction. The cross section of all beams in the building block is uniform. Again, the target geometric advantage of the first stage is equal to 3. The point indicated by the crosshairs is selected for the moving junction. The resulting building block is shown in Figure 30 . Figure 31 depicts the result of concatenating the building blocks. Since the building blocks were obtained independently, they both provide constraint along the PCV at the decomposition point. Concatenating the building blocks results in a redundant constraint at the decomposition point. The resulting design is too stiff and ineffectively transmits force from input to output. A simple workaround is to remove one of the constraints from one of the building blocks. The two resulting designs are illustrated in Figure 32 and Figure 33 . The geometric advantage of Design 1 was calculated at 8.65 (3.8% error) for linear analysis and 6.12 (32% error) for non-linear analysis. The design performs well within the linear range. The error predicted by the non-linear analysis is not unexpected since the mechanism was designed using linear theory. The design behaves similarly to the linear result under lower input displacements. The instant center analysis is valid only for small displacements from the rest position. As the deflections become non-linear, the instant centers likely shift from their original positions. It is presumable that the nonlinear results will improve under size and geometry refinement.
Mechanism Composition
Similar comments apply to Design 2 (GA linear = 8.54, GA non-linear = 6.12). Both Design 1 and Design 2 provide good starting points for further refinement via size and geometry optimization.
Discussion
The goal of conceptual design is to generate a viable mechanical system given nothing more than a blank sheet of paper and the design parameters. Conceptual design even in rigid-link mechanisms is limited. Graph theory and associated linkages may only generate designs given the desired degrees of freedom. A more general type synthesis methodology involves the concatenation of kinematic building blocks in which the task is matched with a library of building blocks and decomposed if no direct match is found. This general approach, however, has been limited to function generating mechanisms.
In the synthesis of compliant mechanisms, the bulk of research in systematic conceptual design has been accomplished by topology optimization. Given the challenges of general mechanism type synthesis, it is not surprising that topology optimization has yielded limited success.
The conceptual design methodology proposed in this research is also limited. The approach, however, may be distinguished because it is intuitive while generating feasible solutions. The driving principle behind the building block methodology is that a designer may combine known components which together provide the desired function. In this paper, the C4B is the only building block available to the designer. This is not to limit, however, the building block synthesis to a single building block. The identification and development of additional building blocks is a work in progress. Figure 36 illustrates a sample of candidate building blocks. These building blocks and others may be used to develop an interactive, intuitive, and systematic conceptual design methodology for compliant mechanisms. This is in contrast to the non-interactive, non-intuitive nature of topology optimization. Further, the instant center methodology may be extended to three dimensions to synthesize compliant spatial mechanisms. This would open up a much larger class of design problems where the benefits of compliant mechanisms may be exploited. This is especially true for spatial problems requiring high precision.
6
Conclusion Capturing the function of a building block using instant centers allows a designer to pose a synthesis problem using kinematic relationships at the conceptual stage. The design problem may be easily decomposed using geometry and the properties of a building block's instant center. Using linear beam theory, it is possible to obtain conceptual designs which are ready to be refined by a size and geometry optimization. The compliant four-bar building block serves as a base mechanism to demonstrate the design methodology which may be extended to include a more comprehensive building block library.
APPENDIX
As stated in the main body of the text, for each DP in the design space there is exactly one PCV that yields the desired geometric advantage (GA target ) for a two stage problem. The following is a proof of that statement.
Given the locations and PCV's of the input and output and the location of the DP, we may relate the geometric advantage of the mechanism to the PCV at the DP. The line perpendicular to the PCV at the DP ( 
The angles opposite the sides labeled A, B, C, and D are α, β, χ, and δ, respectively. The angles β and χ are independent of the inclination of ⊥ PCV and remain constant for a particular DP. We can relate the geometric advantage to α, β, χ, and δ using the Law of Sines. That is:
( ) 
Combining (1), (2) , and (3) we obtain: Since φ is constant for a particular DP and PCV, we introduce the independent variable η to simplify the above expression:
(7) Plugging (7) into (6) 
Using the cosine addition identity, we simplify (8) This implies that there is a single PCV at a specified DP that yields GA target . 
